[1] Surface movement, internal deformation, and temperature were monitored over 5 years on Büz North rock glacier, a small rock glacier located at the lower limit of the permafrost belt in the Swiss Alps. The permafrost in the rock glacier mainly consists of pebbles and cobbles filled with interstitial ice. Two inclinometers installed at 4 and 5 m depths showed fast deformation with large seasonal and interannual variations, while the permafrost temperatures remained almost at the melting point. The movement of the inclinometers coincided with changes in the surface velocities. The deformation rapidly accelerated during snowmelt periods, whereas it gradually decelerated below a dry snow cover in winter. The frozen debris was more deformable than typical glacier ice at the melting point. These phenomena suggest that the frozen debris is permeable to snowmelt water. The fast deformation should result from significant annual relocation of debris particles, which probably creates a network of air voids in the frozen debris that eventually allows water infiltration. The meltwater infiltration accelerates the deformation by reducing effective stress, resulting in the reduced strength of the frozen debris. The refreezing of the pore water, which depends on the cooling intensity in winter, decelerates the deformation. The combination of these processes controls the temporal variations in the deformation. 
Introduction
[2] Surface velocities of rock glaciers determined by geodetic survey, aerial photogrammetry, or radar interferometry are typically a few centimeters to a few meters per year [e.g., Wahrhaftig and Cox, 1959; Haeberli et al., 1979; Kääb et al., 1997 Kääb et al., , 2002 Kääb et al., , 2003 Strozzi et al., 2004] , which are orders of magnitude lower than typical velocities of temperate alpine glaciers [cf., Raymond, 1980] . On the basis of direct measurements with slope inclinometers installed in boreholes, the slow movements of rock glaciers have been attributed to gravity-driven continuous deformation of perennially frozen debris a few tens of meters thick [Johnson and Nickling, 1979; Wagner, 1992; Hoelzle et al., 1998; Arenson et al., 2002] . The slow velocities also imply that many rock glaciers have developed by continuous ''permafrost creep'' over several thousands of years [Haeberli, 1985 [Haeberli, , 2000 Frauenfelder et al., 2005; Haeberli et al., 2006] . For example, the 14 C ages (mean 2250 years B.P.) of moss remains obtained from a borehole on Murtèl rock glacier, Swiss Alps, and isochrones extrapolated from the present-day surface velocity fields indicate that the rock glacier has continuously developed over at least 5000 years and probably the entire Holocene [Haeberli et al., 1999] . In this steady (i.e., slow, continuous movement) model, longterm climatic warming inactivates rock glaciers through melting of ice [Barsch, 1992; Ikeda and Matsuoka, 2002] .
[3] Whereas the steady model has been applied to the development of many rock glaciers, relatively fast and variable movements have recently been addressed under ongoing warming trends. High surface velocities (>0.2 m a À1 ) were observed on the rock glaciers whose front had reached the lower limit of local permafrost occurrence [Frauenfelder and Kääb, 2000; Frauenfelder et al., 2003; Kääb et al., 2007] . A positive correlation has been found between the permafrost temperature and mean annual or seasonal surface velocity on rock glaciers [Hoelzle et al., 1998; Arenson et al., 2002; Kääb et al., 2003] . Simultaneous acceleration of many rock glaciers in a mountain range appears to follow regional climatic warming trends [Roer et al., 2005] . These findings indicate that the atmospheric and subsequent ground warming accelerates rock glaciers [Kääb et al., 2007] , because frozen soils become more deformable as temperature rises toward their melting point [e.g., McRoberts et al., 1978; Morgenstern et al., 1980] . Rheological tests of ice with various debris contents also suggest that rock glacier permafrost generally becomes more rigid with decreasing ''ice supersaturation'' (i.e., ice volume exceeding the pore volume) because of the increasing friction between soil particles [Nickling and Bennett, 1984; Springman, 2005a, 2005b] . In situ subsurface deformation of ice-debris mixtures verifying the laboratory findings was, however, rarely observed in spite of a number of studies on rock glacier dynamics. In addition, the influence of liquid water on mobilizing rock glaciers remains unsolved [Arenson and Springman, 2005b] . Thus, this study focuses on the in situ deformation of a warm ice-debris mixture in a rock glacier.
[4] To overcome the problem that the bouldery internal structure of many rock glaciers complicates drilling, we investigated a thin ''pebbly'' rock glacier [Ikeda and Matsuoka, 2006] covered with pebbles and cobbles (2 -15 cm in intermediate axis diameter), in which perennially frozen debris appeared to be deformed largely at shallow depth [Ikeda et al., 2003] . The rock glacier is located at the lower limit of the permafrost belt in the Upper Engadin, eastern Swiss Alps. We performed annual geodetic surveys and continuous monitoring of internal deformation and ground temperature. On the basis of the observed movements and ground thermal conditions, we discuss the dynamics of this small, warm ($0°C in the permafrost), active rock glacier, potentially vulnerable to environmental change. In particular, this monitoring implies the complex nature of frozen soil with abundant pebbles, cobbles, and liquid pore water. The rock glacier under study is talus-derived and too small to apply glacier-like development models, which have been used for large rock glaciers [e.g., Whalley and Martin, 1992; Humlum, 1996; Potter et al., 1998 ].
Study Site
[5] The studied rock glacier is Büz North (BN) rock glacier (latitude: 46°32 0 N, longitude: 9°49 0 E), located on the northeastern slope of a peak named Piz dal Büz (2955 m above sea level), which is composed of shale bedrock overlain by a limestone caprock (Figure 1 , see also Ikeda and Matsuoka [2006] for the details of the location). BN rock glacier originates from the foot of a talus slope at 2840 m above sea level (asl) and terminates at 2775 m asl. BN consists of the upper lobe (BNU), 70 m long and 120 m wide, and the lower lobe (BNL), 90 m long and 100 m wide (Figures 1 and 2 ). BNU has a steep front 10 m high, sloping at 35°, while BNL lacks a distinct front. The upper surface is smooth and the average slope angles are 25°on BNU, 15°o n the upper part of BNL, and 25°on the lower part of BNL. The ground surface consists mainly of shale pebbles and cobbles and lacks vegetation cover. Limestone boulders are scattered on the surface.
[6] The talus slope above the rock glacier is 40-50 m high, of which the upper part slopes at 35-40°and the lower part at 40 -45° (Figure 2 ). The steep lower part resembles a landslide scarp, and unstable debris below the talus slope indicates active slip processes. In fact, the unstable scarp has gradually enlarged by small landslides, debris flows, and rockfalls during the observed period. Several tension cracks parallel to the scarp face developed behind the scarp and on the upper part of the landslide deposit in 2002.
[7] A pit and borehole dug on BNU in early August 2000 indicated that the major components are platy shale pebbles and cobbles whose interstices are partly filled with sand and silt [Ikeda and Matsuoka, 2006] . Below the frost table (1 m deep on 3 August 2000), the debris was entirely ice cemented to the bottom of the hole (5.4 m deep) and lacked visible air voids. Thin ice veins (<2 cm thick) nearly parallel to the surface were observed below 2 m depth. The gravimetric ice content of borehole cores ($10 cm long) was 50% at 4 m depth and 28% at 5 m depth. On the assumption of no air voids, the volumetric ice content was computed to be about 60% at 4 m depth and 45% at 5 m depth. The borehole did not reach the bedrock at the bottom.
[8] Seismic refraction soundings revealed a two-layered structure in the rock glacier [Ikeda, 2006] . The seismic refraction of BNU and the upper part of BNL showed unfrozen surface layers mostly shallower than 3 m, whereas that of the lower part of BNL showed an unfrozen top layer 4 to 6 m thick, implying permafrost has been degraded near the terminus of the rock glacier ( Figure 2 ). One-dimensional and two-dimensional DC resistivity measurements showed that the resistivity values in BN are of the order of 1 kWm [Ikeda and Matsuoka, 2006] , which is the lowest range for a frozen core in active and inactive rock glaciers [Haeberli and Vonder Mühll, 1996; Ikeda, 2006] . Such low values probably result from the debris-rich frozen layer at temperatures close to the melting point. Massive ice, which generally has a high DC resistivity (>100 kWm), is unlikely to exist in the rock glacier.
Methods
[9] The surface displacements of the BN rock glacier were measured annually from August 1998 to July 2005 by combined triangulation and laser ranging survey of marker boulders. Two benchmarks were placed on limestone outcrops around the rock glacier by anchoring a steel bolt. Five survey points were constructed on BNU and 8 points on BNL. The three-dimensional angles and distances from the two benchmarks to all markers on BN were measured using a total station Leica TCA 1102. The accuracy of the millimeter scale was guaranteed by inserting the tapered tip of a reflector in an 8 mm diameter drill hole on the marker boulders. The total error produced by the survey system was less than 1 cm a
À1
. The benchmarks and survey points were established on 11 August 1998. These points were annually resurveyed on 22 July 1999 , 24 July 2000 , 2 August 2001 , 19 July 2002 , 13 August 2003 , 4 October 2004 , and 27 July 2005 [10] The internal movement of BNU was measured with inclinometers from 9 August 2000, when the third year of the survey started, to 24 July 2005. Two inclinometers (BKJ-A-10-D, manufactured by Kyowa Electronic Instruments, Japan), 35 cm long and 2.7 cm in diameter, were installed at 4 and 5 m depths in the borehole (see Figure 1 for the location). The inclinometers sensed inclinations along two directions perpendicular to each other. The inclinometers can measure inclinations within ±12.2°from the vertical, with a resolution of 0.005°. The inclinations were recorded by a data logger (EXL-007A-8, LOG Electronics, Japan) at 3 h intervals until July 2003 and 6 h intervals thereafter.
[11] The inclination at a certain depth was calculated from the sum of the horizontal vectors, which were defined as the tangents of the measured inclinations for the two axes. The inclinations were used to calculate a creep parameter in a simple flow law for ice and frozen soil in a vertical plane:
where _ e is the downslope (i.e., direction parallel to surface dip) strain rate, v is the downslope velocity at a depth, z is the depth perpendicular to the surface, t is the downslope shear stress, A is a constant for a given temperature and structure, and n is an experimentally derived exponent [e.g., Glen, 1955; Morgenstern et al., 1980; Paterson, 1994] . The strain rate _ e equals the vertical velocity gradient dv/dz. The exponent n % 3 is most often used in the flow law of ice and ice-rich silty soil [e.g., Morgenstern et al., 1980; Hooke, 1981] , whereas n is close to 2 for frozen coarse debris with 50-70% ice content [Arenson and Springman, 2005b] . In addition, high temperatures (>À1°C) and/or low shear stresses (<50 kPa) possibly result in n close to 2 or smaller Testa, 1969a, 1969b; Morgenstern et al., 1980; Wang and French, 1995] . The shear stress at a depth z is:
where r is the mean density of rock glacier components, g is the acceleration due to gravity (9.8 m s À2 ), jzj is the absolute value of z, and a is the surface gradient. The creep parameter A was calculated for the two depths using r = 1800 kg m À3 and a = 25°(average angle of the whole upper surface) and for n fixed to 1, 2, and 3.
[12] Ground surface temperature was monitored with two miniature data loggers (Thermo Recorder TR-51A, T & D, Japan) placed on BNL on 6 August 1998, and on BNU on 11 August 1999. The loggers recorded temperatures under a 3-4 cm thick clast at 1 h intervals with a resolution of 0.1°C. From the third year, six thermistor probes were installed at depths of 0.5, 1, 2, 3, 4, and 5 m in the borehole. These data have been recorded in a data logger (KADEC-UN, Kona System, Japan) at 1 h intervals with a resolution of 0.1°C from 9 August 2000 to 22 July 2005. The recorded ground temperatures were calibrated by fitting the persistently constant temperature near the melting point (the zero curtain) into 0.0°C; hence, the error near 0°C was ±0.1°C. In addition, the thickness of the snow cover was manually measured on 3 March 1999, 22 March 2001, and 6 March 2002 to evaluate the interannual variations of snow conditions (thickness, duration, timing of snowfall) that control ground temperature [e.g., Vonder Mühll et al., 1998; Hoelzle et al., 2003] .
Surface Movements and Variables

Surface Velocity
[13] Surface movement of BN rock glacier showed large spatial and temporal variations (Table 1, Figure 3 ). The marker boulders on BNU moved much faster than those on BNL in every year. The average downslope velocities V S for the 7 years were 98-107 cm a À1 at the three points (11 -13) on the upper surface of BNU, 83-85 cm a À1 at the two points (9 -10) on the frontal slope of BNU, 15-33 cm a À1 at the five points (4 -8) on the upper part of BNL, and 2 -8 cm a À1 at the three points (1-3) on the lower part of BNL. Thus, the frontal slope of BNU moved about 0.8 times as fast as the upper surface and the velocities on BNL also decreased from the upper part to the lower part. Late-lying snow cover often prevented remeasurement of point 7, so that the annual velocities of the marker are not included in Table 1 and Figure 3 .
[14] All points moved horizontally in consistent directions over the 7 years ( Figure 3 ). The dips of the velocities to the horizontal plane (q) were also constant on BNU, while those on BNL showed large annual variations (Table 1 ). The marker boulders on BNU moved nearly parallel to the upper surface (25°), which indicated the advance of the steep frontal slope with a gradient of 35°[see also Kääb et al., 2007, Figure 7] . The boulders on BNL moved upward to the surface. In particular, significant uplift of the upper part of BNL is indicated by the large difference between q (on average, 4°for 7 years) and the local slope gradient (17°), which probably reflected the compressive stress field between the fast moving BNU and the slowly moving lower part of BNL.
[15] Downslope movement of BN slightly accelerated from the first year (1998 -1999) to the second year (1999 -2000) , on average, by 20% (Figure 4a ). In the third year (2000) (2001) , the V S values significantly increased to twice those of the first year. In the fourth year (2001 -2002) , BNU decelerated, while BNL maintained the velocities. As a result, the velocities of BNU and BNL in the fourth year were 1.3 times and 1.7 times larger than those in the first year, respectively. Movement of BNU gradually accelerated again from the fourth to the sixth year (2003 -2004) and decelerated to the seventh year (2004) (2005) . The velocities of BNU in the fifth, sixth, and seventh years were 1.4 times, 1.7 times, and 1.4 times as large as those in the first year, respectively. In contrast to BNU, BNL showed nearly constant or slightly increasing velocities after the fourth year.
[16] Downslope soil movement within the active layer was very small. Flexible probes installed perpendicular to the surface showed that the surface movement within the active layer amounted only to 0.8 to 1.6 cm a À1 downslope on BNU over 3 years (2000 -2003) and 0.4 cm a , 1997] probably reflected the low content of frost susceptible fine debris. The movements of the marker boulders were unlikely to result from active layer slides or debris flow, because the boulders lacked any trace of such a rapid displacement during the observation period. Consequently, the major part of the boulder movements was attributed to deformation within the permafrost.
Snow Thickness
[17] During the observed period, the thickness of the snow cover fluctuated year by year. On 3 March 1999 (first year), the snow depth ranged from 1.5 to 2.8 m (average 2.3 m) among 8 points on BN. On 22 March 2001 (third year), the snow depth exceeded 4 m on BNU and 5 m on the upper part of BNL. On 6 March 2002 (fourth year), the snow depth on BN ranged from 0.8 to 2.4 m among 11 points (average 1.6 m). The annual variations in ground surface temperatures observed around BN in the first and second years [Ikeda and Matsuoka, 2002] were typical of those in the Upper Engadin ]. In such a case, the ground is cooled under thin snow cover in early winter and then thickening dry snow cover (>0.8 m deep) in late winter insulates the ground from the air temperature [Hoelzle et al., 1999] . In contrast to the first and second year, the thick snow in the third year and the thin snow in the fourth year reflected abnormal conditions: sudden and heavy snowfalls in October and November 2000 prevented the ground from cooling; and lack of notable snowfalls until late January 2002 resulted in intensive ground cooling ].
Surface Temperature
[18] Continuous subzero cold season temperatures at the surface of BN indicate that BN was covered with snow for more than 9 months per year (Figure 4c ). In the first and second years with normal snow conditions, the temperature on BNL gradually decreased in early winter, and remained nearly constant at about À1°C until mid-May, when the temperature rapidly rose to 0°C as a result of snowmelt. The winter temperature on BNU in the second year decreased stepwise to À2.5°C, and gradually increased until mid-May. The winter temperatures in the sixth year (2003 -2004) showed similar variations. The extremely thick snow cover in the third year kept surface temperatures at À0.5°C during the whole winter on both BNU and BNL. The snow remained until early August on BNU and late August on BNL, which means that the meltout of the snow cover lagged one month behind that in the normal years. In contrast, the thin snow cover in the fourth winter resulted in relatively unstable temperatures falling to À5°C on BNU and À4°C on BNL. The temperatures in the fifth winter suggested that the snow condition was intermediate between the normal winters and the snow-rich third winter. In the seventh winter, the relatively unstable temperatures reaching about À3°C indicated that the snow cover was thin compared with the normal winters. Freezing indices also demonstrated a large interannual variation of ground cooling in winter (79 -480°C days) (Figure 4c) .
[19] Figure 4b indicates the temporal variation in mean annual ground surface temperature (MAST), which was averaged for the preceding 365 days (i.e., running means of the temperatures in Figure 4c ). The available data showed nearly the same variations in MASTs on BNU and BNL, which ranged from À0.8 to 2.0°C. The MASTs, which were mostly above 0°C (except in 2002), indicated recent warming of the permafrost in this rock glacier because the ground surface lacks any buffering layer such as matrix-free boulders or a thick organic mat.
[20] MASTs were nearly constant in the second year. MAST on BNU was 0.4°C at the beginning of the third year [21] MASTs showed similar interannual variations to the surface velocities on BNU (Figure 4) . However, the highest velocity (2000 -2001) did not correspond to the highest MASTs (2003 MASTs ( -2004 but to the smallest freezing index.
Subsurface Movements and Variables
Strain Rate of the Perennially Frozen Debris
[22] The two inclinometers installed in BNU rock glacier showed large tilting in the perennially frozen debris, which corresponded to the high surface velocity (Figures 6a and  6b ). Both continuously moved over the observation period (2000 -2005) . The directions of inclinations were consistent during the 5 years, except for the first two days after the installation, during which the dissipation of the thermal disturbance from the drilling procedure took place and materials around the inclinometers were probably refreezing. The inclination at 5 m depth always exceeded that at 4 m depth, and inclination for one of the two axes at 5 m depth exceeded the measurement limit on 3 February 2003. Thereafter, the inclination at 5 m depth was estimated from the measured inclination for the other axis using the linear relationship between inclinations for the two axes (r 2 = 0.9995) before 3 February 2003. The average tilting rates at 4 and 5 m depths in the observed period were 2.5°a À1 and 6.0°a À1 , respectively. [23] The strain rates calculated from the inclinations displayed both seasonal and interannual variations (Figure 6c) . The weekly strain rates ranged from 0.00 to 0.09 a À1 at 4 m depth and from 0.01 to 0.27 a À1 at 5 m depth. The annual strain rates at 5 m depth, determined from the increments between the days of the annual triangulation surveys, were calculated to be 0.18 a À1 , 0.093 a À1 , 0.11 a À1 , 0.13 a À1 , and 0.12 a À1 in chronological order from 2000-2001 to 2004 -2005 (i. e., from the third year to the seventh year of the surface measurements). The annual strain rates at 4 m depth were about one third of the rates at 5 m depth. These interannual variations paralleled the variation in surface velocities (see Figure 6a) .
[24] The pattern of the seasonal variations was also parallel between the two depths. Strain rates rapidly increased when the whole snow cover became wet (May to early June), as indicated by the sudden rise in ground surface temperature to the melting point (Figures 6d and  7 ). The strain rates began to decrease in the middle of the snowmelt period (June to early July) and became almost constant in midsummer (July to early August), when the snow disappeared at the monitoring site or had disappeared one to two weeks before. There was usually a net increase in strain rates during the snowmelt period. After the summer decrease, the strain rates slightly increased or remained constant for several months before starting to decrease in the following winter. The magnitudes of the winter decrease in strain rates appear to have depended on the cooling intensity of the ground surface. In the warmest winter (2000) (2001) , the strain rates were stable. In the winters of 2002 -2003, 2003-2004, and 2004 -2005 , the decrease in strain rate at 4 m depth started one to two months earlier than that at 5 m depth.
Creep Parameter of the Perennially Frozen Debris
[25] Using equations (1) and (2), creep parameters A 4 at 4 m depth (jzj = 3.8 m) and A 5 at 5 m depth (jzj = 4.7 m) were calculated for each year (Table 2 ). In addition, a creep parameter A 4 -5 over 4-5 m depth (jzj = 3.8-4.7 m) was calculated using the average of the measured strain rates for each year. Note that jzj is the absolute value of a depth perpendicular to the surface. A 5 was 1.5-2.5 times greater than A 4 , which indicates more deformable structure at 5 m depth. Smaller n values resulted in larger differences in A between the two depths ( Table 2 ). The maximum A 5 values derived from the maximum weekly strain rate at 5 m depth in 2001 were 1.5 Â 10 À10 kPa À1 s À1 (n = 1), 4.4 Â 10 À12 kPa À2 s À1 (n = 2), and 1.3 Â 10 À13 kPa À3 s
À1
(n = 3), which were twice the mean annual values for 2000-2001.
[26] The next step is to estimate the thickness of the moving debris H perpendicular to the surface. From equations (1) and (2), we obtain
Assuming that A 4 -5 is representative for the whole frozen layer, neglecting small deformation (<2 cm a
) of the active layer (in the uppermost 2 m) and using the observed average V S values for each year, extrapolation shows that the vertical height of deformed sediment H V was about 9 m thick (H % 8 m) for n = 3 and about 10 m thick (H % 9 m) for n = 2 (Table 2, Figure 8 ). The H V values for each n value were roughly consistent in the 5 years and those for n = 2 to 3 approximated the frontal height ($10 m) of BNU. In contrast, the H V values for n = 1 (11 -12.5 m) exceeded the thickness of the rock glacier (Table 2) . Since deformation in a rock glacier generally occurs within the thickness indicated by the frontal height [Kääb and Reichmuth, 2005] , the n values between two and three are appropriate to depict the vertical velocity profiles from the obtained data, although the calculation indicates that 80-90% of the surface velocity originates from deformation below the inclinometers (Figure 8 ), where A and n values may differ from the applied values.
Ground Temperature
[27] Permafrost temperatures (at 3 -5 m depth) were nearly constant at 0.0°C through the 5 years ( Figure 6e ). Temperatures at 4 and 5 m depths decreased to À0.1°C only after the winter with the shallow snow (i.e., the latter half of 2002). The temperatures at 3 m depth reached À0.2°C in the same winter and remained at À0.1°C until the end of the following winter.
[28] The maximum thickness of the active layer was about 2. (Figure 6c -6d) . In contrast, temperatures in the uppermost 2 m dropped to À3.0°C, À1.8°C, and À0.5°C at 0.5, 1, and 2 m depths, respectively, under the shallow snow in the winter of 2001-2002. In the following winters, temperatures were between those in the two extreme winters.
Factors Affecting Deformation of Ice-Debris Mixture
Softness of the Perennially Frozen Debris
[29] Both triangulation and inclinometer measurements showed large deformation of the perennially frozen debris in BNU rock glacier. An analysis based on the observed Figure 6 . The 5 year record of (a) surface velocity, (b) inclination, (c) strain rate, (d) active layer temperature, and (e) permafrost temperature of BNU. The thin lines in Figure 6b and 6c indicate that only one of the two axes sensed the inclination.
inclinations and a flow law indicated that the deformation of BNU occurred within the top 10 m. The large deformation primarily reflected the steep slope ($25°) and the permafrost temperature at the melting point.
[30] The calculated creep parameter A for frozen pebbles and cobbles of BNU is higher than the previously reported values for polycrystalline ice. For the exponent n = 3, the annual A 5 values of BNU (see Table 2 ) are more than five times higher than a well-cited value for glacier ice at 0°C (6.8 Â 10 À15 kPa À3 s
À1
) [Paterson, 1994, p. 97] . Laboratory data compiled by Budd and Jacka [1989] indicated a slightly higher A value for polycrystalline ice at 0°C (9.3 Â 10 À15 kPa À3 s
), but the value is still lower than those of BNU. The parameter A for in situ deformation of glacier ice would be even lower than the Paterson's value [e.g., Hubbard et al., 1998; Gudmundsson, 1999] . The A values for ice-supersaturated fine soil under steady state creep hardly exceed those of polycrystalline ice [e.g., McRoberts et al., 1978; Savigny and Morgenstern, 1986] . In addition, an increase in debris content strengthens the frozen soil owing to interlocking of soil particles larger than sand size [e.g., Hooke et al., 1972; Nickling and Bennett, 1984] .
These results contradict the softness of the ice-debris mixture in BNU.
[31] In contrast to the strength of polycrystalline ice and frozen soils derived from laboratory tests, the huge Fireweed rock glacier in Alaska had surface velocity fields requiring A values at least twice those of clean temperate ice . The high A values indicating soft frozen ground appear to be associated with the large amount of debris, which was in fact seen at the calved front [Elconin and LaChapelle, 1997; . considered that the large A values originated from interstitial water between debris particles and ice crystals, which possibly allowed slip at the interface by lowering the effective viscosity, as Echelmeyer and Wang [1987] and Cohen [2000] explained the softness of dirty basal ice. Cohen [2000] proposed quite large A values (1.4 Â 10 À14 -1.4 Â 10 À13 kPa À3 s
) for dirty basal ice below a 210 m thick temperate glacier by means of a threedimensional simulation. These studies suggest that the large deformation observed in BNU is associated with the presence of liquid water. (bottom) Strain rates in the permafrost in the same periods. Note that the temperatures in the permafrost (3, 4, and 5 m depths) during these periods were nearly constant at the melting point (À0.2-0.0°C). The height of the deformed sediment (H v ) estimated using A 4 -5 is also displayed.
Temporal Variation in Deformation
[32] The temporal variations of the movement cannot directly be attributed to the seasonal change in permafrost temperature [cf., Arenson et al., 2002; Kääb et al., 2003] , because the strain rates in BNU responded to the ground surface temperatures in spite of the constant temperature (0.0 ± 0.2°C) at the monitored depths ( Figure 6 ). The constant temperature at the melting point, however, allows liquid water to coexist with ice. The ratio of liquid water to ice possibly changes with seasonal and/or interannual changes in the thermal condition of the active layer. In particular, the rapid increase in the strain rates during the snowmelt period implies that the meltwater infiltrated into the frozen debris (Figure 7) , although ice-saturated debris is generally regarded as impermeable [Andersland et al., 1996] . The simultaneous increase in the subzero temperatures in the active layer and the strain rates also indicates that thermal conduction, which possibly affected the temperatures in the permafrost within the resolution of the sensors (±0.1°C), was a minor factor because a timelag originating from thermal conduction should delay the increase in the strain rates.
[33] Two situations are considered for the meltwater infiltration. First, the active layer composed of coarse debris at subzero temperatures easily transports snowmelt water to the frost table, which is indicated by the simultaneous shifts in temperatures to the melting point at different depths (Figure 7) [e.g., Humlum, 1997; Sawada et al., 2003] . This is because the coarse materials and steep slope promote drainage in the active layer prior to seasonal frost penetration. Second, the fast deformation of coarse debris filled with ice is probably dilatant, producing a network of air voids that eventually allow water infiltration. This is because the large annual strain rates below 5 m deep (>0.1 a À1 ) probably result from thrusting up of debris particles over underlying particles within 1 year. Assuming that A 4 -5 and n = 2 -3 represent the deformation properties of BNU, the annual strain rates near the frost table (about 2.5 m depth) are calculated to be 0.01 -0.03 a
À1
. The voids produced by such deformation may also result in the water infiltration. In particular, groundwater infiltration from the frost table to the highly deformed layer is most likely to have occurred at the root (i.e., upper end) of BNU, where the downslope movement of BNU has produced tensile fractures that may penetrate into the perennially frozen layer (Figure 2) .
[34] On the assumption of ''permeable permafrost,'' the annual variation in the strain rates can be explained by the following model (Figure 9 ):
[35] 1. Air voids have developed in the perennially frozen debris, before the wet front in the snow cover reaches the surface. The larger deformation at a deeper part results in more abundant air voids.
[36] 2. Below the wet snow cover, the weakly frozen active layer is nearly saturated with liquid water. Meltwater infiltration to the perennially frozen debris reduces the effective stress by suddenly increasing the water content, which destabilizes the frozen debris. The increase in the strain rates at both 4 and 5 m depths, often preceding the snow wetting at the ground surface by one to two weeks (Figure 7) , indicates that the meltwater originates from somewhere on the upper slope where the snow cover becomes wet earlier than at the monitoring site. The earlier increase in the strain rates at 5 m depth than at 4 m depth (in 2003 and 2005) suggests the presence of different water channels and/or groundwater infiltration from the bottom of the frozen layer.
[37] 3. The water having infiltrated into the active layer and the voids in the perennially frozen layer refreezes and/ or drains. As a result, the frozen debris is slightly stabilized.
[38] 4. The strain rates maintained at high values indicate that part of the liquid water remains unfrozen, possibly aided by additional inputs of rainwater and/or meltwater from the thawed active layer.
[39] 5. The strain rates in early winter imply that the pore water at 4 m depth slightly refreezes, while that at 5 m depth remains constant. Slow seasonal freezing under a thick snow cover prevents intensive cooling of the ground and refreezing of the pore water.
[40] 6. Freezing of the active layer leads to refreezing of the pore water, which slows down the deformation, but the continuous deformation in the absence of water infiltration produces a new network of air voids.
[41] This model can also explain the interannual variation in the deformation. In the 2003 -2004 period, the deformation from (3) to (5) is larger than the corresponding period in the previous year (Figure 9 ), which suggests that more abundant air voids are prepared before the following snowmelt season. As a result, infiltration of snowmelt water (7) more effectively destabilizes the frozen debris than in the previous year (2) (Figure 9 ).
[42] The significant deceleration from 2001 to 2002 and the following slight acceleration during the 2002 snowmelt period (Figure 6 ) probably resulted from the intensive ground cooling below the thin snow cover in the 2001-2002 winter. The cooling promoted freezing of the pore water from the early winter, which caused the significant deceleration. The resulting poorly developed network of air voids is likely to have prevented meltwater infiltration into the frozen debris. In contrast, the lack of ground cooling below the extremely thick snow cover in the 2000 -2001 winter probably prevented freezing of pore water. As a result, the newly developed effective network of air voids may have allowed the water infiltration that resulted in the maximum strain rates in the following snowmelt period. [44] The significant water permeability in a rock glacier was also demonstrated by the recent studies on the boreholes drilled through Murtèl rock glacier, where warm and heterogeneous permafrost occasionally allows liquid water intrusion [Arenson et al., 2002; Vonder Mühll et al., 2003] . This finding of liquid water in the frozen ground supports the idea that liquid water can coexist with ice in some warm rock glaciers. Under such a condition, the amount of liquid water primarily controls the temporal variation in deformation. In fact, similar acceleration in a snowmelt season was also observed on a small rock glacier in the Furggentälti area, Swiss Alps [Mihajlovic et al., 2003] . In addition, the softness of the frozen debris in BNU is most likely to depend on the liquid water decreasing effective stress in the frozen debris [e.g., Echelmeyer and Wang, 1987; Cohen, 2000] .
Spatial Variations in Deformation
[45] In contrast to the fast movement of BNU, the surface velocities of BNL were small but typical of rock glaciers (Figure 3) , although the upper part of BNL had thermal conditions similar to BNU (Figure 4) . Ikeda et al. [2003] considered that degradation of permafrost inactivated BNL, which was supported by a seismic survey indicating the permafrost table at 4 -6 m depth in the lower part of BNL [Ikeda and Matsuoka, 2006] . Thus, thinning of the perennially frozen layer has probably decreased the velocities of the lower BNL. This stable part of the rock glacier dams the downslope deformation of the upper BNL where the permafrost table still lies at 2 m depth. This restriction of downslope movement is also indicated by the uplift component of the velocities on the upper BNL (Table 1) .
[46] The warm permafrost of the upper BNL may allow a large A value of the frozen debris, even if the gentle slope and obstacle (i.e., the inactivated lower BNL) result in the relatively small surface velocities. Relatively high DC resistivities, however, indicate a lower liquid water content of the upper BNL compared to that of the BNU [Ikeda et al., 2003]. Thus, the upper BNL probably has an A value smaller than BNU. The deformation of BNL itself is unlikely to be large enough to produce fractures allowing annual water infiltration. Consequently, all of the slope gradient, permafrost thickness, and water content constrain the deformation of BNL.
[47] The velocities of BNL gradually increased from 1998 -1999 to 2004 -2005 (Table 1 ). The notable increase from 1999 -2000 to 2000 -2001 appears to have indirectly been affected by the extremely thick snow cover. Thereafter, the velocities have rarely followed the large interannual variations in ground surface temperatures (Figures 3 and 4) . Thus, the perennially frozen debris of BNL was less susceptible to the interannual thermal variations than that of BNU, although its water content is likely to have remained relatively high after the significant supply of snowmelt water in 2000.
[48] Over longer time periods, the large deformation observed on BNU would have led to a pronounced rock glacier landform. However, the short BNU upslope of the relatively long BNL appears to be in the early stage of rock glacier formation. Moreover, the large mass currently transported downslope because of the high speed of BNU is very unlikely to be balanced with the materials supplied from the above [Ikeda et al., 2003] . Both situations suggest that the deformation of BNU is a transient feature. Rising ground temperatures and resulting deformation might have exceeded a certain threshold (e.g., allowing water to infiltrate) at a time before the measurements were started. This might then have accelerated the deformation by some orders of magnitude, which results in the present large difference in the surface velocities between BNU and BNL.
Conclusions and Perspectives
[49] Fast deformation of perennially frozen pebbles and cobbles in a layer about 10 m thick was observed during 7 years in a small rock glacier lying at the lower limit of mountain permafrost belt. The frozen debris is more deformable than typical glacier ice at the melting point. The rate of the deformation reflects seasonal and interannual changes in the temperature of the active layer, which is mainly controlled by the thickness and duration of snow cover, whereas the temperature of the frozen debris is almost constant at 0°C. The deformation rate gradually decreases below dry snow cover in winter and rapidly increases during the snowmelt period. These phenomena imply that the frozen debris at the melting point is permeable to snowmelt water.
[50] The large annual strain rates (>0.1 a
À1
) of the coarse debris filled with ice probably result from thrusting up of debris particles over underlying particles. The resulting dilatant deformation produces air voids in the frozen debris. In addition, the rapid downslope movement of BNU has produced tensile fractures at the root of the rock glacier. As a result, snowmelt water is likely to infiltrate into the frozen debris through the network of these voids. The infiltrated water seasonally accelerates the permafrost creep by reducing the effective stress, which results in much higher annual velocity than the value expected from the flow law for ice.
[51] The deceleration of the movement between two snowmelt periods is proportional to the cooling intensity in winter, and the acceleration during the early snowmelt period is proportional to the preceding deformation since the end of the previous snowmelt period. Refreezing of the infiltrated pore water in winter probably decelerates the deformation at the same time as the deformation appears to develop a new network of air voids during this period lacking water infiltration. Thus, larger deformation in a warmer winter more effectively promotes water infiltration in the following snowmelt period. This combination of water infiltration and refreezing is very likely to control the interannual variation in the deformation.
[52] This study suggests that increasing liquid water in perennially frozen debris might have also been responsible for the recent acceleration observed in many rock glaciers in the Alps, where ground temperatures have probably been increasing [Roer et al., 2005; Kääb et al., 2007] . Such slopes located near the lower limit of mountain permafrost might experience rapid acceleration in their deformation in response to atmospheric and ground warming through a positive feedback process: rising temperature leads to increasing deformation, which in turn increases the potential infiltration of water. The latter enhances deformation. This feedback mechanism, which significantly weakens perennially frozen debris, has to be taken into account for climate change impacts on stability of permafrost slopes.
